We analyze the response of the North American Monsoon (NAM) nitude, but also the timing, of future precipitation changes.
Introduction.
The North American Monsoon (NAM) dominates the seasonal cycle of precipitation over 20 northwestern Mexico, southern Arizona, and large areas of New Mexico and Texas [Adams 21 and Comrie, 1997; Barlow et al., 1998 ]. Over the core region of the NAM (112 o W- hydroclimate [e.g., Barnett et al., 2008; Seager et al., 2007; Seager and Vecchi , 2010] ,
however, relatively little progress has been made towards improving our understanding 28 of how the NAM will respond to increased greenhouse gas (GHG) forcing in the future.
29
This difficulty can, in part, be attributed to the inability of many coarsely resolved global 30 general circulation models (GCMs, the primary tools for investigating future climate) to 31 realistically simulate the fine scale topography and dynamics over the NAM region [Kim 32 et al., 2008] .
33
the monsoon circulation is fully established) are analogous to the 'upped-ante' mechanism 48 described by Neelin et al. [2003] . In addition to at least one modeling study [Seth et al., 49 2011], there is some empirical evidence that the timing of the NAM has shifted in recent 50 decades [Grantz et al., 2007] , evidenced by delays in the onset, peak, and withdrawal of 51 the monsoon that are consistent with the enhanced convective barrier mechanism. Sev-52 eral studies also point to a positive soil moisture precipitation feedback within the NAM 53 region [Small , 2001; Vivoni et al., 2009] , consistent with the local inhibition mechanism. 2. Materials and Methods.
For our analysis, we use a gridded precipitation data set and historical and potential future 64 GCM simulations from the CMIP5 archive. To facilitate comparisons across models, we 65 linearly interpolated all model output to 1 o horizontal resolution. All area averages are 66 based on land areas only from the core NAM region, as defined in the introduction. 
Precipitation Data.
To validate the simulation of the NAM in the CMIP5 models, we used gridded precipita-68 tion data from the Global Precipitation Climatology Centre (GPCC) full data reanalysis 69 version 5 [Beck et al., 2005; Rudolf et al., 1994 Rudolf et al., , 2003 Rudolf et al., , 2005 Rudolf and Schneider , 2004] .
70
The GPCC reanalysis is based on a statistical interpolation of in situ rain gauge obser- long equilibrium control run with fixed pre-industrial forcings. The RCP 8.5 simulation is one of a suite of future GHG forcing scenarios with relatively high GHG concentrations, designed so that anthropogenic radiative forcing will be approximately 8.5 W m -2 by 2100.
Initial conditions for the RCP 8.5 scenario start from the end of the historical runs. We restricted our analyses to those models that reproduced the seasonality of precipitation over the NAM core region in the historical scenarios, based on a comparison with the GPCC data.
To assess the response of the NAM to GHG forcing, we used precipitation rate (mm day -1 ), ET (mm day -1 ), and moist static energy (MSE) budgets (kj kg -1 ) at the surface and 700 hPa. The difference between the MSE of a rising parcel (which becomes saturated at the lifting condensation level) and the saturated MSE at a given height in the free atmosphere is proportional to the parcel's thermal buoyancy at that height [e.g., Khairoutdinov and Randall , 2006; Randall , 2012] . If the MSE of a rising, saturated parcel exceeds the saturated MSE of the free air environment, the parcel will have positive buoyancy, and the column will be unstable and favor convection and precipitation. For MSE at the surface, representing the saturated parcel, we calculate:
where C p is the specific heat of dry air at constant pressure, T 2m is the 2-meter surface air temperature, L v is the latent heat of vaporization, and q 2m is the surface specific humidity. For MSE of the free atmosphere, we use saturated MSE at 700 hPa (the lifting condensation level in these models was generally below 700 hPa): 
Climatology
Eleven models from the CMIP5 archive reproduce, to varying degrees, the seasonal cycle 88 of NAM precipitation ( Figure 2 ). All of the selected models (Table 1) 
Precipitation Response
In response to increased GHG forcing in the RCP 8.5 scenario, all of the models project We limited our analysis to those CMIP5 models that were able to reproduce the ob- 
